Neuronal and glial sodium-dependent transporters are crucial for the control of extracellular glutamate levels in the CNS. The regulation of these transporters is relatively unexplored, but the activity of other transporters is regulated by protein kinase C (PKC)-and phosphatidylinositol 3-kinase (PI3K)-mediated trafficking to and from the cell surface. In the present study the C6 glioma cell line was used as a model system that endogenously expresses the excitatory amino acid carrier 1 (EAAC1) subtype of neuronal glutamate transporter. As previously observed, phorbol 12-myristate 13-acetate (PMA) caused an 80% increase in transporter activity within minutes that cannot be attributed to the synthesis of new transporters. This increase in activity correlated with an increase in cell surface expression of EAAC1 as measured by using a membrane-impermeant biotinylation reagent. Both effects of PMA were blocked by the PKC inhibitor bisindolylmaleimide II (Bis II 3 H]-glycine transport. Wortmannin also decreased cell surface expression of EAAC1. Although wortmannin did not block the effects of PMA on activity, it prevented the PMA-induced increase in cell surface expression. This trafficking of EAAC1 also was examined with immunofluorescent confocal microscopy, which supported the biotinylation studies and also revealed a clustering of EAAC1 at cell surface after treatment with PMA. These studies suggest that the trafficking of the neuronal glutamate transporter EAAC1 is regulated by two independent signaling pathways and also may suggest a novel endogenous protective mechanism to limit glutamateinduced excitotoxicity.
A major mechanism for the clearance of glutamate from the synapse involves a family of sodium-dependent high-affinity glutamate transporters, including the neuronal transporters excitatory amino acid carrier 1 (EAAC1) (Kanai and Hediger, 1992) and excitatory amino acid transporter 4 (EAAT4) (Fairman et al., 1995) , the glial transporters Glu-Asp transporter (GLAST) (Storck et al., 1992) and Glu transporter-1 (GLT-1) (Pines et al., 1992) , and the recently identified retinal transporter EAAT5 (Arriza et al., 1997) . Several studies have suggested that these transporters play a critical role in the prevention of glutamatemediated excitotoxic injury by tightly regulating the levels of extracellular glutamate under normal circumstances (Rosenberg et al., 1992; Rothstein et al., 1996) (for review, see Robinson and Dowd, 1997) . The dysf unction or loss of these transporters may contribute to neurodegenerative diseases such as amyotrophic lateral sclerosis (AL S) or hypoxic /ischemic insults (Rothstein et al., 1995; Tanaka et al., 1997) . Because these transporters may play a critical role in maintaining glutamate homeostasis in the CNS, the cellular regulation of these transporters is of considerable interest.
Phorbol esters such as phorbol 12-myristate 13-acetate (PMA) stimulate GLT-1-mediated transport activity. This stimulation has been attributed to an increase in direct phosphorylation and a corresponding increase in the catalytic rate of transporter activity by protein kinase C (PKC) (Casado et al., 1993) . In a recent study we developed evidence that PMA rapidly upregulates EAAC1-mediated transport activity . The rapid increase in glutamate uptake caused by PMA suggests two possible mechanisms of regulation: an increase in the catalytic rate of transporter activity and/or an increase in the number of transporters available on the cell surface to transport glutamate.
Recent evidence indicates that the activity of several transporters is regulated by second messenger-mediated trafficking to and from the cell surface. Glucose transporters belong to an unrelated transporter family, the activity of which is regulated by insulin and phorbol esters. Treatment of adipocytes with PMA causes an approximately twofold increase in glucose uptake activity, which is blocked by a PKC inhibitor (Nishimura and Simpson, 1994) and by wortmannin, a fungal metabolite that has been reported to inhibit phosphatidylinositol 3-kinase (PI3K) (Clarke et al., 1994; Navé et al., 1996) (for review, see Nakanishi et al., 1995) . Insulin and phorbol esters also cause a redistribution of glucose transporters from a subcellular compartment to the cell membrane, a phenomenon that is blocked by PKC and PI3K inhibitors (Clarke et al., 1994; Holman and Cushman, 1994; James and Piper, 1994; Nishimura and Simpson, 1994; Navé et al., 1996) . Recent studies of the serotonin and GABA neurotransmitter transporters, which belong to a distinct gene family, indicate that these transporters also are translocated to and from the cell surface in response to treatment with phorbol esters and exhibit concomitant changes in uptake activity (Qian et al., 1997; Quick et al., 1997) . The effects of phorbol esters on these transporters are blocked by the PKC inhibitors bisindolylmaleimide or staurosporine. Because PMA appears to regulate the activity and trafficking of serotonin, glucose, and GABA transporters in several different systems, it is possible that the mechanisms of these effects may be conserved between transporter families. The goal of the present study was to determine whether the regulation of EAAC1 activity in C6 glioma is mediated by the PKC and /or the PI3K pathways and whether this regulation involves changes in trafficking of the transporter to and from the cell surface.
MATERIALS AND METHODS
Materials. DM EM, L-glutamine, penicillin /streptomycin, and normal goat serum were purchased from Life Technologies (Grand Island, N Y) . Fetal bovine serum was purchased from HyC lone (L ogan, UT). T welve-well tissue culture plates and 10 cm tissue culture plates were manufactured by Corning (Corning, N Y). All radioisotopes were obtained from DuPont / New England Nuclear (Boston, M A), and the specific activity was diluted with nonradioactive L-Glu, D-Asp, or glycine from Sigma (St. L ouis, MO). Wortmannin, bisindolylmaleimide II, phorbol 12,13-dibutyrate, and 4␣-phorbol were purchased from C albiochem (La Jolla, CA). PM A, diamidino-2-phenylindole dihydrochloride hydrate (DAPI), anti-actin antibody, and dimethylsulfoxide (DMSO) were purchased from Sigma. Sulfo -N HS -biotin and Immunopure Immobilized Monomeric Avidin were purchased from Pierce (Rockford, IL). Fluorescent antibodies were purchased from Jackson ImmunoResearch (West Grove, PA), and Vectashield mounting medium was obtained from Vector Laboratories (Burlingame, CA).
Measurement of Na ϩ -dependent transport activit y. The transport assays in C6 glioma were performed as described . C6 glioma cells were obtained from American T ype Culture Collection (Rockville, MD). C ells were grown in a monolayer on 12-well plates in DM EM supplemented with 10% fetal bovine serum, 2 mM glutamine, and penicillin (100 U/ml)/streptomycin (100 g /ml) and maintained at 37°C in a 5% C O 2 incubator. After cells reached ϳ80% confluency, drugs or vehicle was added to the medium, and the plates were returned to the incubator until the assay was performed.
Assays were conducted in a 37°C water bath with the wells partially submerged to maintain 37°C surrounding the cells. The wells were rinsed twice with 1 ml of either warm sodium-or choline-containing buffer and then incubated with radioisotopes for 5 min (0.5
3 H]-Gly). Radioactive uptake was stopped with three rinses in ice-cold choline buffer. Then cells were solubilized in 1 ml of 0.1N sodium hydroxide, and 500 l of lysate was analyzed for radioactivity in a scintillation counter. Na ϩ -dependent uptake was defined as the difference in radioactivity accumulated in Na ϩ -containing buffer and in choline-containing buffer. Under these conditions the uptake is linear with time, Ͼ90% is Na ϩ -dependent at 0.5 M glutamate, and Ͻ10% of the substrate is accumulated. Protein content was measured to ensure that any treatments applied to the wells were not altering the protein content of the wells (L owry et al., 1951) .
Biotinylation. Biotinylation of cell surface proteins was performed as described in Qian et al. (1997) and Sargiacomo et al. (1989) , with slight modifications. Briefly, C6 glioma cells were grown in a monolayer on 10 cm tissue culture plates until they were at least 80% confluent. Plates were rinsed twice with warm PBS with 0.1 mM calcium and 1.0 mM magnesium added (PBS-Ca/Mg). Then the plates were incubated with 2 ml of biotin solution (sulfo -N HS -biotin, 1 mg /ml in PBS-Ca/Mg) for 20 min at 4°C with gentle shaking. The biotin solution was removed, and the plates were washed twice with PBS-Ca/Mg containing 100 mM glycine. The plates were incubated in PBS-Ca/Mg plus glycine for 45 min at 4°C with gentle agitation to quench any unbound biotin. Then the cells were lysed by the addition of 1 ml of radioimmunoprecipitation assay (RI PA)/ lysis buffer with protease inhibitors (100 mM Tris-HC l, pH 7.4, 150 mM NaC l, 1 mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 g /ml leupeptin, 250 M PMSF, 1 g /ml aprotinin, 1 mg /ml trypsin inhibitor, and 1 mM iodoacetamide) for 1 hr at 4°C with vigorous shaking.
Lysates were transferred to centrif uge tubes and centrif uged at 20,000 ϫ g to sediment nucleic acids and debris. Aliquots of the lysate were taken for Western analysis before the lysate was incubated with avidin-conjugated beads (the "total cell lysate" fraction). Equal volumes of avidin bead suspension were added to a volume of lysate (300 l of bead suspension in 300 l of lysate) and incubated for 1 hr at room temperature with occasional stirring. Then the avidin -lysate solution was centrif uged for 15 min at 16,500 ϫ g; the supernatant was removed and discarded after samples were taken for Western analysis (the "intracellular" fraction). The pellet that contained the biotinylated cell surface proteins was washed four times with 1 ml of RI PA / lysis buffer with protease inhibitors. The supernatant from the fourth wash was analyzed by Western analysis and showed no EAAC1 immunoreactivity, so the remaining washes were not analyzed f urther. The pellet was resuspended in 300 l of Laemmli buffer (62.5 M Tris-HC l, pH 6.8, 2% SDS, 20% glycerol, and 5% 2-mercaptoethanol) for 30 min with occasional shaking to elute the biotinylated proteins. The solution was centrif uged for 10 min at 16,500 ϫ g, and the supernatant was removed and saved for Western analysis as the "biotinylated" fraction. All samples for Western analysis were diluted in equal volumes of loading buffer (2% SDS, 10% 2-mercaptoethanol, 5% glycerol, 5% 1 M Tris, pH 7.0, and 0.005% bromophenol blue) and frozen at Ϫ20°C until analysis.
In initial experiments the effects of varying the amount of avidin beads were examined. Equal volumes of cell lysate and bead suspension (as provided by the manufacturer) resulted in the maximal recovery of biotinylated protein. Similarly, we tested a higher concentration of biotin and found that this did not increase the extent of biotinylation of EAAC1.
Western anal yses. Western analyses were performed as described previously (Rothstein et al., 1994) . Briefly, biotinylation samples that previously had been diluted in solubilizing buffer were thawed and boiled for 5 min. Proteins then were electrophoresed on a 10% sodium dodecyl sulfate -polyacrylamide gel and transferred to poly vinylidene fluoride membranes (Immobilon P, Millipore, Bedford, M A). The membranes were immersed for 1 hr in blocking solution (0.5% nonfat dry milk, 0.1% T ween 20, and 50 mM Tris-buffered saline) and probed with affinitypurified anti-EAAC1 (0.6 g /ml), GLT-1 (0.034 g /ml), GL AST (0.4 g /ml), or EAAT4 (0.02 g /ml) and anti-actin (1:200) diluted in blocking solution for 1 hr. After washing, the blots were exposed to horseradish peroxidase-conjugated donkey anti-rabbit IgG diluted 1:1000 in blocking solution for 1 hr. Finally, the blots were washed and visualized with enhanced chemiluminescence (Amersham, Arlington Heights, IL).
Blots were quantitated by using films scanned by an Epson ES1200C scanner with Adobe Photoshop (San Jose, CA) software and then analyzed by National Institutes of Health Image Software. Actin was used to control for equal protein loading and to determine whether the biotinylation reagent labels proteins in the intracellular compartment. The immunoblots consistently demonstrated bands at 46 kDa (actin), at 66 kDa (EAAC1), and two bands above 220 kDa. These high molecular weight bands are consistent with homomultimers of EAAC1. Haugeto and colleagues (1996) previously reported that glutamate transporters form homomultimers, the formation of which can be prevented by treatment with 30 mM DTT (Haugeto et al., 1996) . We used the same concentration of DTT in the lysis buffer of a biotinylation experiment, but we were unable to prevent the formation of these larger molecular weight bands and omitted DTT from f urther experiments.
EAAC1 immunoreactivity in each fraction (lysate, intracellular, and biotinylated) was normalized to the corresponding amount of lysate actin immunoreactivity. Data were expressed as a percentage of change in the amount of normalized EAAC1 immunoreactivity observed under control conditions for each fraction (i.e., lysate, intracellular, and biotinylated fractions). The data were analyzed both as the 66 kDa EAAC1 band alone and as the combination of the 66 kDa band with the higher molecular weight EAAC1 immunoreactive bands. There was no difference in the trends or statistical differences noted, so the data were presented as the combined 66 kDa and higher molecular weight bands for the sake of clarity.
Immunofluorescent confocal microscopy. C6 glioma were plated at equal density on sterile glass coverslips in 35 mm dishes. Plates were pretreated with either 100 nM wortmannin or vehicle for 5 min, and 100 nM PM A or vehicle was added for 30 min. C ells were washed twice in PBS and fixed in 4% paraformaldehyde for 10 min. C ells were rinsed three times in Tris-buffered saline and blocked in 5% normal goat serum and 0.1% Triton X-100 for 30 min. Anti-EAAC1 primary antibody diluted 1:10 in the blocking solution was added to the cells and incubated overnight at 4°C. Then the primary antibody was removed, and the cells were rinsed with blocking solution three times. The secondary antibody (lissamine -rhodamine goat anti-rabbit IgG) was warmed at 37°C for 30 min and centrif uged at 100 ϫ g for 5 min to remove any crystal precipitate; then the cells were incubated with secondary antibody for 2 hr. C ells were washed twice with blocking solution and incubated with DAPI (2 g /ml in PBS) for 10 min at room temperature. After incubation the cells were rinsed three times with PBS, dehydrated in 97% ethanol for 1 min, and dried. Coverslips were mounted on glass slides with Vectashield and sealed with clear nail polish.
Slides were examined by confocal microscopy with a Leica TC S confocal microscope (E xton, PA) and a krypton -argon Omnichrome laser (Chino, CA). Immunostained cultures were sectioned optically at 0.5 m intervals with a 100ϫ oil objective at the following settings for (1) EAAC1: krypton -argon laser power ϭ 1, pinhole ϭ 100, voltage ϭ 677, and voltage offset ϭ Ϫ3; (2) DAPI: argon laser power ϭ 3, pinhole ϭ 90, voltage ϭ 585, and voltage offset ϭ 0. We chose sections through the center of the cell by examining DAPI nuclear staining and selecting sections that corresponded to the largest cross-sectional area of the nucleus. Images were obtained on a Leica TC S software system and formatted in Adobe Photoshop.
Data anal ysis. Eadie -Hofstee transformations of the concentration dependence of uptake were fit by linear regression analysis and represent at least three independent experiments performed in triplicate. The concentration dependence of the effects of drugs was assessed by nonlinear regression fitting of one-site inhibition curves with Graph Pad Prism software. Statistical analyses were performed with Statview 512
ϩ . Data are presented as the mean Ϯ SEM of at least three independent experiments.
RESULTS

Endogenous expression of EAAC1 by C6 glioma
We have reported previously that the C6 glioma cell line endogenously expresses EAAC1 immunoreactivity but lacks GLT-1 or GLAST immunoreactivity , and others have used RT-PCR to provide additional evidence that C6 glioma express EAAC1, but not GLT-1 or GL AST (Palos et al., 1996) . Since these studies were reported, an antibody to EAAT4 has been developed (Furuta et al., 1997) , so we reexamined the expression of each of these four transporters in C6 glioma ( Fig.  1 ). Extracts from brain tissues enriched in each of the transporters also were used as positive controls. Although GLT-1, EAAT4, and GL AST immunoreactivities were observed in the appropriate brain fractions, none of these transporters was detected in C6 glioma. EAAC1 immunoreactivity was observed in both C6 glioma and cortical membrane homogenates. As was observed previously, the apparent molecular weight of EAAC1 immunoreactivity was ϳ6 kDa larger in C6 glioma than in cortical tissue . We have shown previously that treatment of C6 glioma or cortical membrane protein with N-glycosidase F results in EAAC1 bands of equivalent apparent molecular weights of 57 kDa, consistent with that predicted from the cDNA sequence (Kanai and Hediger, 1992) . The endogenous expression of only EAAC1 by an immortalized cell line of C NS origin provides an ideal model system for studying the cellular regulation of this transporter.
Effects of PMA on EAAC1 L-[ 3 H]-glutamate uptake activity
In an earlier study we reported that PM A incubation caused a twofold increase in EAAC1 uptake activity in C6 glioma and that this effect was blocked completely by an inhibitor of PKC . As shown in Figure 2 , PMA produced an 80% Ϯ 4% (mean Ϯ SEM; n ϭ 3) increase in glutamate transport in C6 glioma. The inactive phorbol ester, 4␣-phorbol, had no Figure 1 . Western blot analysis of sodium-dependent glutamate transporters endogenously expressed in C6 glioma. C6 glioma were harvested, and 50 g of protein was loaded in each lane (lanes 2, 4, 6, 8) . Membrane homogenates from rat brain regions known to be enriched in a particular subtype of transporter were used as positive controls. Rat cortex (5 and 50 g) was loaded in lanes 1 and 7, respectively; 50 g of rat cerebellum was loaded in lanes 3 and 5. The blots were probed with anti-GLT1 (lanes 1 and 2), anti-EAAT4 (lanes 3 and 4 ), anti-GL AST (lanes 5 and 6 ), and anti-EAAC1 (lanes 7 and 8). Only the EAAC1 subtype of glutamate transporter is expressed in C6 glioma. The immunoblot is representative of at least two independent experiments. effect on uptake at similar concentrations, whereas the PMA analog phorbol-12,13-dibutyrate produced a similar increase in glutamate uptake. To provide f urther evidence that the effects of PMA are mediated by the PKC pathway, we examined the effects of the potent and selective competitive PKC inhibitor Bis II (Nixon et al., 1992) . As shown in Figure 3 , pretreatment with Bis II completely blocked the effects of PM A, but it had no effect on glutamate transport when it was used alone. Bis II inhibited the effects of PM A with an IC 50 value of 804 nM. This compound, which competitively binds to the ATP binding site, inhibits PKC with an IC 50 value of 13 nM in an in vitro assay (Toullec et al., 1991) . Other studies have reported IC 50 values for related bisindolylmaleimides in the range of 750 -910 nM or have used 1 M concentrations of related compounds, depending on the cell system used (Chew et al., 1997; Ubl and Reiser, 1997; Zhu et al., 1997) .
Effects of PMA on the cellular localization of EAAC1
PMA may enhance glutamate transport either via an increase in the catalytic rate of the transporter or via an increase in cell surface availability. To examine changes in the cell surface levels of EAAC1, we used a cell membrane-impermeant biotinylation reagent to label cell surface proteins selectively. Biotinylated proteins were separated from nonbiotinylated "intracellular" proteins by using avidin-coated beads. The blots were probed with anti-actin antibody and with rabbit anti-EAAC1 antibody. Figure  4 A shows a Western analysis of a representative biotinylation experiment. The yield of transporter immunoreactivity, defined as the sum of the immunoreactivity in the intracellular and biotinylated fractions divided by the immunoreactivity in the lysate, was 100% Ϯ 14% (n ϭ 11). Under control conditions (vehicle), 51% Ϯ 5% (n ϭ 11) of the EAAC1 immunoreactivity appeared in the biotinylated fraction, whereas only 14% Ϯ 3% (n ϭ 11) of the actin immunoreactivity was biotinylated. The biotinylation of actin may be attributable to a low level of cell lysis during the procedure. None of the treatment conditions that were examined caused a change in the amount of biotinylated actin (data not shown).
Although PMA had no effect on the total amount of EAAC1 (Fig. 4 B, total cell lysate), the nonbiotinylated (intracellular) transporter levels decreased with PMA treatment to 40% Ϯ 9% (n ϭ 5) of control levels. A corresponding increase in biotinylated (cell surface) EAAC1, with levels increasing to 161% Ϯ 37% (n ϭ 5) of control, indicates that a significant fraction of intracellular transporter moved to the cell surface as a result of PMA treatment. The PKC inhibitor Bis II had no effect on transporter distribution when it was used alone, but it blocked the changes in cellular localization of EAAC1 induced by PMA (Fig. 4 B) .
Effects of wortmannin on EAAC1-mediated L-[ 3 H]-glutamate transport
The effects of PMA and the PKC inhibitor bisindolylmaleimide II on EAAC1 activity and cellular localization observed thus far resembled those reported for glucose and GABA transporters (Nishimura and Simpson, 1994; Quick et al., 1997) . Because studies of glucose transporters have implicated PI3K in the regulation of activity and trafficking, we examined the effects of the putative PI3K inhibitor wortmannin on L-[ 3 H]-glutamate transport. Wortmannin maximally inhibited Na ϩ -dependent glutamate transport to 35% of control levels (Fig. 5) . The IC 50 value was 14.9 nM, similar to the reported IC 50 values for PI3-kinase inhibition (for review, see Nakanishi et al., 1995) . The decrease in transport activity occurred within minutes (significant at p Ͻ 0.005 within 5 min) and was maintained for a 90 min incubation period (data not shown).
We also attempted to block L-[ 3 H]-glutamate uptake with the new PI3K inhibitor LY 294002, but inhibition was not observed consistently (at least seven independent observations). Although wortmannin also inhibits mitogen-activated protein (MAP) kinase and myosin light chain kinase, the IC 50 values for inhibition of these kinases are at least 10-fold higher than the IC 50 values for inhibition of PI3K Yano et al., 1995) and the IC 50 value observed in the present study for inhibition of glutamate transport. Preliminary studies using the selective MAP kinase inhibitor PD 98059 showed no inhibition of transporter activity (data not shown), suggesting that MAP kinase is not a mediator of the effects of wortmannin on transport.
To analyze further how wortmannin might be influencing EAAC1 transport activity, we examined the effects on the concentration dependence of Na
3 H]-glutamate uptake. Wortmannin decreased the V max of glutamate transport to 43% of control, but it did not change the K m (Fig. 6 A) . To determine whether these effects could be attributed to altered metabolism of glutamate, we examined the effects of wortmannin on the transport of D-aspartate, a nonmetabolizable analog of glutamate. Wortmannin decreased the V max for Na
3 H]-aspartate transport to 47% of control and also caused a slight but significant decrease in the K m (by 17%) (Fig. 6 B) . This suggests that the effects of wortmannin are not attributable to altered metabolism of L-glutamate. To determine whether wortmannin produces a nonspecific change in the electrochemical gradients required for Na ϩ -dependent transport, we also examined the effects of wortmannin on Na ϩ -dependent glycine transport activity. Wortmannin had no effect on glycine transport activity (Fig. 6C) , suggesting a selective effect of wortmannin on EAAC1 rather than a change in the electrochemical gradients of the cell. 
Effect of wortmannin on the PMA-induced stimulation of EAAC1 transport
The effects of wortmannin on the PMA-induced increase in L-[ 3 H]-glutamate uptake activity were examined (Fig. 7) . As seen in previous experiments, wortmannin alone decreased the V max of glutamate transport to 42% of control. PMA alone produced a 2.6-fold increase in the V max of glutamate transport activity. When cells were coincubated with wortmannin and PMA, the V max of glutamate uptake was stimulated by absolute amounts similar to those when PMA was used alone, but this stimulation originated from a reduced baseline level of transport (Fig. 7) . No change in K m values was observed with the treatments, suggesting that these treatments were not changing the affinity of the transporter for glutamate. It thus appears that the stimulatory effects of PMA were not blocked by wortmannin. This may imply that the mechanisms of PMA stimulation and wortmannin inhibition of uptake activity occur via independent intracellular cascades, because wortmannin does not block the effects of PMA fully.
Effects of wortmannin on the cellular localization of EAAC1
To determine whether the effects of wortmannin were attributable to a change in catalytic efficiency, a change in the steady-state levels of EAAC1, or an alteration in cell surface availability of the transporter, we examined the time course for changes in cell surface expression by using biotinylation. The levels of EAAC1 did not change in the lysate, but within 5 min there was a significant decrease in cell surface expression of EAAC1 (Fig. 8) . This loss of surface EAAC1 increased with time. Therefore, the decrease in transport activity was associated with a loss in cell Figure 4 . Analysis of distribution of EAAC1 immunoreactivity in C6 glioma after treatment with PM A. C ells were preincubated with either vehicle (DMSO) or Bis II (10 M) for 5 min, followed by the addition of either vehicle or 100 nM PM A for an additional 30 min. Then the cells were biotinylated as described in Materials and Methods. A, Immunoblot of cell lysate, intracellular, and biotinylated fractions of C6 glioma. Loaded in all lanes was 50 l of each sample, and blots were probed with anti-EAAC1 (66 kDa bands and bands above 220 kDa) and anti-actin (46 kDa band) to determine the extent of intracellular protein labeling by the biotin reagent. B, Quantitation of immunoblots demonstrating the effects of Bis II and PMA alone and in combination. Films were scanned and quantitated densitometrically, and EAAC1 immunoreactivity values were normalized for actin in the lysate fraction. Data represent the mean Ϯ SEM from five individual experiments and are expressed as a percentage of the vehicle treatment for each fraction. There were no changes in EAAC1 levels between treatments in the total cell lysate fraction, but in the intracellular fraction PM A caused a significant decrease in EAAC1 levels, as compared with all other treatments by ANOVA (**p Ͻ 0.005; DMSO vs PMA; Fisher's PL SD), which was blocked by Bis II ( p Ͻ 0.001; PMA and Bis II vs PMA; Fisher's PL SD). In the biotinylated fraction, PMA increased the cell surface expression of EAAC1 (*p Ͻ 0.05; DMSO Data for the component of activity that was sensitive to wortmannin were fit to a single site, using Prism software. The IC 50 value for this sensitive component was 14.9 nM. 4 vs PM A; Fisher's PL SD), and Bis II alone had no effect on cell surface expression but blocked the effects of PM A on biotinylated EAAC1 ( p Ͻ 0.001; Bis and PM A vs PM A; Fisher's PL SD). The levels of biotinylated EAAC1 immunoreactivity in cells treated with both Bis II and PMA were not significantly different from control. surface expression of EAAC1. Because the effects of PMA and wortmannin on activity appeared to be independent, biotinylation was used to examine the combined effects of these treatments on cell surface expression of EAAC1. None of these treatments changed the amount of EAAC1 in the lysate or intracellular fractions (Fig. 9A,B) . As was observed in earlier experiments, PMA increased EAAC1 levels at the cell surface by 42% Ϯ 17% (n ϭ 6), and wortmannin reduced the cell surface levels of EAAC1 to 45% Ϯ 8% (n ϭ 6) of control (Fig. 9B) . However, unlike the effects of the combined treatments on transport activ- A, Immunoblot of EAAC1 (66 kDa and bands above 220 kDa) and actin (46 kDa band) immunoreactivity in cell lysate, intracellular, and biotinylated fractions. Actin was used to examine the extent of biotinylation of intracellular proteins. B, Quantitation of EAAC1 immunoreactivity, demonstrating a decrease in biotinylated EAAC1 with increasing wortmannin preincubation times. Films were scanned and quantitated densitometrically, and values are expressed as the mean Ϯ SEM of four independent experiments. No significant differences between preincubation times occurred in the lysate or intracellular fractions, but in the biotinylated fraction, EAAC1 at each time point was significantly lower than control (ANOVA; *p Ͻ 0.001; Fisher's PL SD), and differences between time points were significant (ANOVA; 5 vs 30 min, p Ͻ 0.001; 5 vs 15 min, p Ͻ 0.01; and 15 vs 30 min, p Ͻ 0.05; Fisher's PL SD). Figure 9 . Analysis of the distribution of EAAC1 immunoreactivity in C6 glioma after treatment with PM A and wortmannin (Wort). Cells were preincubated with either vehicle or 100 nM wortmannin for 5 min, and either vehicle or PM A was added for 30 min before biotinylation. A, Immunoblot of cell lysate, intracellular, and biotinylated fractions of C6 glioma. Sample (50 l) was loaded in all lanes, and blots were probed with anti-EAAC1 (66 kDa and bands above 220 kDa) and anti-actin (46 kDa band) as a control. B, Quantitation of immunoblots demonstrating the effects of wortmannin and PM A alone and in combination. Films were scanned and quantitated densitometrically, and all EAAC1 values were normalized for actin in the lysate fraction. Data represent the mean Ϯ SEM from six individual experiments and are expressed as a percentage of the control treatment for each fraction. The treatments had no significant effects on EAAC1 levels in the total cell lysate or intracellular fractions. In the biotinylated fraction, wortmannin and wortmannin with PM A both caused significant decreases in cell surface expression of EAAC1 by ANOVA (**p Ͻ 0.005; *p Ͻ 0.05; Fisher's PLSD). PMA increased cell surface expression of EAAC1 as compared with control (*p Ͻ 0.05; Fisher's PL SD). There was no significant difference between Wort and Wort & PM A. ity, coincubation of wortmannin and PM A did not increase EAAC1 cell surface expression above that observed with wortmannin alone.
Visualization of changes in EAAC1 localization via confocal microscopy
To determine whether the changes in cellular distribution of EAAC1 could be visualized directly and correlated with the biotinylation studies, we used confocal microscopy to examine the changes in cell surface expression of EAAC1 in response to incubation with PM A and wortmannin. After the appropriate preincubation period, cells were stained with DAPI to visualize nuclei and with anti-EAAC1. Images taken through the midsection of the cell at the level of the largest nuclear area demonstrate that, under control situations (Fig. 10 A) , the distribution of EAAC1 shows punctate immunostaining throughout the cytoplasm, with little transporter clustering at the cell surface. PMA increased EAAC1 immunoreactivity at the periphery of the cell (Fig. 10 B) , causing significant transporter clustering while decreasing punctate cytoplasmic staining. PM A also changed the morphology of the cell, causing increased "ruffling" of the cell membrane. Wortmannin, in marked contrast, elicited a redistribution of the transporter into large vesicular compartments within the cell that resembled localization into late endosomal or lysosomal compartments (Fig. 10C) . The combination of wortmannin and PM A caused a mixed distribution pattern of EAAC1 immunoreactivity as well as a morphological change in the cells (Fig. 10 D) . The transporter appeared intracellularly in a perinuclear distribution and also in some small clusters both in the cytoplasm and at the cell surface.
DISCUSSION
The regulation of EAAC1 is of considerable interest in light of the evidence that glutamate transporters may play a role in a variety of neurological diseases. The loss or dysf unction of glial transporters such as GLT-1 may contribute to the pathogenesis of some types of AL S (Rothstein et al., 1995 , and knock-out studies suggest that both neuronal and glial transporters may play a role the prevention of excitotoxicity and resultant sequelae such as paralysis and seizures . The highest densities of the neuronal subtype EAAC1 are in the cortex and the hippocampus, areas that have high levels of glutamatergic synaptic transmission (Rothstein et al., 1994) . Interestingly, these areas are also extremely sensitive to excitotoxic damage caused by stroke, ischemia, and head trauma (Palmer et al., 1993; Greene and Greenamyre, 1996; Nilsson et al., 1996) . EAAC1 may play a role in the protection of neurons in these areas from excess glutamate release during normal synaptic activity and pathological conditions.
Thus far, the mechanisms of regulation of glutamate transporters by intracellular pathways are mainly unknown. C asado and colleagues demonstrated that the GLT-1 transporter transfected into HeLa cells undergoes direct phosphorylation when the cells are treated with phorbol ester, a known PKC activator (Casado et al., 1993) . This increase in phosphorylation correlates with an increased rate of glutamate uptake, implying that increased phosphorylation may increase uptake activity. The precise mechanism of this increase in uptake activity is not known and could represent an increase in the catalytic rate of the transporter, an activation of silent transporters on the cell surface, and /or an increase in transporter translocation to the cell surface.
In the present study we demonstrated that the uptake activity and the cell surface localization of the glutamate transporter EAAC1 in C6 glioma is increased by PMA. Phorbol esters activate PKC by mimicking the effects of diacylglycerol (DAG), an endogenous activator of PKC. Previously, we have shown that the increase in uptake activity induced by PMA in C6 glioma cells is blocked by the noncompetitive PKC inhibitor chelerythrine . This suggested that the PKC pathway may mediate some of the effects of phorbol esters, possibly via phosphorylation at a PKC consensus site on the EAAC1 transporter. To provide additional evidence that the effects of PMA were mediated via activation of PKC, we used the competitive inhibitor Bis II, which did not produce the cell toxicity observed when chelerythrine was used at high concentrations. Bis II completely blocked the PMA-induced stimulation of glutamate uptake but had no effect on the basal level of glutamate uptake. Biotinylation with a membrane-impermeant reagent was used to determine whether PMA alters cell surface expression of EAAC1. Biotinylation has been used successfully in the study of apical-basolateral trafficking and in the identification of changes in cell surface expression of other transporters (Sargiacomo et al., 1989; Qian et al., 1997) . PMA caused an increase in biotinylated EAAC1 and a concomitant decrease in nonbiotinylated transporter, suggesting that PMA translocates the transporter from an intracellular compartment to the cell surface. As was observed for PMA-stimulated transport activity, this effect was blocked completely by Bis II. Confocal microscopy provided further evidence that PMA causes a redistribution of EAAC1 in C6 glioma. After treatment with PMA, the cells showed a change in morphology that resembled membrane "ruffling" or the formation of filamentous microvilli (Von Zastrow and Kobilka, 1994) . Rhodamine-labeled EAAC1 demonstrated a striking redistribution to the cell membrane and appeared to form discrete clusters on the cell surface. These clusters resemble those formed by PDZ domain-containing proteins such as Glu receptor interacting protein (GRIP), which appears to cluster AMPA receptors at excitatory synapses, or PSD-95, which appears to mediate the clustering of NMDA receptors (Kim et al., 1996; Dong et al., 1997) . Interestingly, although EAAC1 appears to cluster after PKC activation, NMDA receptors disperse on the membrane (Ehlers et al., 1995) . These images suggest that EAAC1 may interact with some cytoskeletal protein in response to PKC activation. Because there were some similarities between the PMAinduced regulation of glutamate and glucose transporters (see the introductory remarks), the effects of wortmannin were examined to determine whether another signaling pathway might regulate EAAC1 activity and trafficking. A role for PI3K in protein trafficking and vesicle secretion has been suggested on the basis of homology with the yeast protein vps34, mutations of which cause vacuole sorting defects (Kapeller and Cantley, 1994) . Wortmannin rapidly (within minutes) decreased glutamate uptake and EAAC1 cell surface expression when it was used alone, an effect not observed with the PKC inhibitor. This suggests that wortmannin reduces transport by blocking the activity of a constitutively active PI3K or a PI3K that is activated by a signaling molecule present in the medium. Because the IC 50 value for wortmannin inhibition of L-[ 3 H]-glutamate transport is nearly identical to the IC 50 value for PI3K inhibition and no other targets with similar sensitivity to wortmannin have been identified to date, we assume that wortmannin is blocking a subtype of PI3K, but we acknowledge the possibility of alternate targets of wortmannin inhibition. The lack of effectiveness of LY 294002 may be attributable to the nature of the competitive binding of LY 294002 to the ATP Figure 10 . Effects of PM A and wortmannin on the cellular distribution of EAAC1 as examined by immunofluorescent confocal microscopy. Cells were treated with either DMSO (Vehicle) or wortmannin for 5 min, followed by either vehicle or PM A for 30 min. C ells were fixed and labeled with rhodamine-conjugated anti-EAAC1 (red) and DAPI (blue). Serial sections of 0.5 m were obtained by confocal microscopy at 100ϫ magnification, and sections through the center of the cell corresponding to the largest cross-sectional nuclear area were used for each treatment. These images were representative of multiple fields examined for each treatment from two independent immunofluorescence experiments. In control (vehicle-treated) cultures ( A), the cells exhibited dispersed, punctate intracellular immunolabeling. In the presence of PM A ( B) there was a marked decrease in intracellular labeling, with a redistribution of transporter to clusters on the cell surface (arrowheads) as well as a morphological change that resembled membrane ruffling. Wortmannin, in contrast to PM A, caused a redistribution of EAAC1 into dense vesicular-like perinuclear deposits (C, arrows). Combined treatment with both wortmannin and PM A caused some morphological changes as well as increased perinuclear immunostaining without the formation of large vesicle-like structures ( D). Scale bar, 10 m.
binding site of the p85 subunit, as compared with the irreversible interaction of wortmannin at the p110 catalytic subunit or the existence of differential PI3K isoform sensitivity to these two inhibitors. There are multiple isoforms of PI3K that are known, and there appears to be differential sensitivity of these isoforms to wortmannin, although the sensitivities of these isoforms to LY 294002 has not been analyzed specifically (for review, see Cheatham et al., 1994; Nakanishi et al., 1995) .
Although wortmannin did not appear to increase transporter in the intracellular compartment in biotinylation experiments, confocal microscopy demonstrated an internalization of EAAC1 into large vesicular structures that were often perinuclear, a pattern characteristic of endosomal distribution (Sternini et al., 1996) . We assume that the inability to detect an increase in intracellular EAAC1 with biotinylation is related to limitations of this technique or possibly to a loss of transporter to the viscous nuclear pellet that is obtained after lysis of the cells. The observation that Na ϩ -dependent glycine transport is unaffected by wortmannin indicates that this effect is not a nonspecific endocytotic event. Future studies will be needed to identif y the specific cellular compartment to which EAAC1 localizes.
The studies discussed to this point imply that the changes in transport activity are mediated by changes in cell surface expression. Because the effects of PM A and wortmannin on EAAC1 regulation were opposite, we examined the effects of both treatments together to determine whether they exert their effects via a common pathway. Although PM A stimulated transport activity in both vehicle-treated and wortmannin-treated cells by the same absolute amount, PM A increased cell surface expression only in vehicle-treated cells, but not in wortmannin-treated cells. This surprising result suggests at least two possible mechanisms to explain the effects of PM A and wortmannin on EAAC1. It is possible that PM A has effects on both the catalytic efficiency and cell surface expression of EAAC1 and that wortmannin selectively blocks the effect of PM A on cell surface expression. Alternatively, it is possible that wortmannin alters the mechanism of action of PM A by altering crosstalk between the PI3K and PKC pathways such that, in the absence of wortmannin, PMA increases activity by increasing cell surface expression and, in the presence of wortmannin, PM A increases the catalytic efficiency of transport.
Although PI3K is a rather newly identified signaling molecule, there is evidence for crosstalk between the PKC and PI3K pathways. It is known that receptor tyrosine kinase activation leads to the increased production of the metabolites DAG and IP 3 by stimulating the activity of phospholipase C as well as the activation of PI3K (for review, see Kapeller and C antley, 1994) . DAG and phorbol esters activate PKC isoforms ␣, ␤, ␥, ␦, ⑀, , , and , whereas the atypical PKC isoforms and are insensitive to phorbol esters but are activated by the unique phospholipid products of PI3K (Mizukami et al., 1997) . PI3K may interact directly with the PKC ␦, , and isoforms, providing a physical link between the PKC and PI3-kinase pathways (Ettinger et al., 1996; Gomez et al., 1996; Mizukami et al., 1997) . C6 glioma cells express PKC ␣, ␦, , , and low levels of ⑀ (Chen, 1993; Chen and Wu, 1995) . It is possible that the regulation of EAAC1 activity in C6 glioma may be regulated by a combination of these isoforms, such that phorbol ester (DAG)-sensitive isoforms may regulate catalytic activity and some degree of trafficking to the cell surface, whereas PI3K-responsive isoforms may mediate transporter internalization.
In summary, we have developed evidence that both PKC and PI3K regulate cell surface expression and activity of the neuronal glutamate transporter EAAC1. At present, the physiological significance of this regulation is unclear, but preliminary studies from our laboratory suggest that this regulation may occur in neuronal cultures, indicating that this is not an artifact of the cell system used (Munir et al., 1997) . Trafficking of neurotransmitter transporters could have a variety of physiological as well as pathophysiological consequences. Parallel mechanisms appear to regulate both transporter trafficking and neurotransmitter release. PKC increases cell surface expression of both GABA and glutamate transporters and also increases depolarization-evoked release of GABA and glutamate (Dekker et al., 1991; Capogna et al., 1995) . There is now evidence that at least some proteins, such as SNAP-25, synaptobrevin, and syntaxin, are involved in both vesicular release of neurotransmitter and transporter trafficking (Quick et al., 1997) . The finding that the EAAC1 subtype of glutamate transporter is trafficked to and from the cell surface raises interesting questions about the direction these transporters travel in different physiological situations, such as during longterm potentiation (LTP) or excitotoxic injury. For example, decreasing glutamate transporters at the cell surface during LTP could enhance synaptic efficacy. The ability to traffick transporters rapidly also may represent an endogenous protective mechanism to limit excitotoxic damage by increasing cell surface expression of transporters and hence to promote the clearance of extracellular glutamate. Alternatively, removal of transporters from the cell surface might reduce the reversal of transport, which is thought to contribute to the rise in extracellular glutamate that is observed during an excitotoxic insult (for review, see Attwell et al., 1993; Levi and Raiteri, 1993) . The current studies suggest that there is a tightly regulated control mechanism that moves transporters appropriately in response to changes in the cellular environment.
